Thermal energy storage (TES) is moving towards thermochemical materials (TCM) which present attractive advantages compared to sensible and phase change materials. Nevertheless, TCM are more complex to characterize at lab scale and also the implied technology, which belongs to the chemical engineering field, needs to be contextualized in the TES field. System configurations for thermochemical energy storage are being divided into open/closed storage system and separate/integrated reactor system. Reactors, which are the core of the system, are the focus of this paper. Different gas-solid thermochemical and sorption reactors for building applications are reviewed from lab to pilot plant scale, from 0.015 to 7850 dm 3 . Fixed bed reactors are the most used ones. Mainly, mass transfer is limiting to achieve the expected energy density. The geometry of the reactor and contact flow pattern between phases are key parameters for a better performance.
Introduction
There is a global aim to reduce energy consumption since humans are using finite resources and contributing to environmental pollution. A part of becoming aware of this problem, engineers and scientists are focused on renewable energy sources and on improving energy efficiency of heating and cooling systems. Thermal energy storage (TES) is needed to capture thermal energy when available and to release it when demanded and for temperature control. Thermal storage applications have been proved to be efficient and financially viable, yet they have not been exploited sufficiently [1] .
Regarding TES systems for building comfort applications, several big projects are being carried out, for instance Dronninglund Solar District Heating Plant in Denmark is now established. It consists of 37,000 m² collectors (26 MWth) and 60,000 m 3 seasonal storage. In February 2014, the Dronninglund Solar District Heating Plant started operation serving the 1,400 connected customers. The collector field together with the seasonal storage covers around 50% of the total annual heat load [2] . Present heat production in kW and W/m 2 is available in [3] .
TES systems can be classified by the process undergone by the storage material:
sensible, latent and thermochemical. Sensible storage is based on transferring heat to the material which leads to an increase of the material temperature itself. Latent storage implies storing heat when a phase change of the material (PCM) occurs. This last process usually carries also sensible heat storage, before and after the phase change process. Then, thermochemical storage is based on thermochemical materials (TCM) undergoing either a physical reversible process involving two substances or reversible chemical reactions (Eq.1). Endothermic processes absorb energy (heat), which can be stored as long as desired until the reverse (exothermic) process is forced.
When the exothermic process takes place, the released heat can be then used for instance, for domestic hot water (DHW) and heating building applications. Since the storage is based on the molecular bonds formation, the energy is neither lost to the ambient nor transformed if the material is kept at certain conditions. This great advantage makes the TCM suitable for long-term storage, also known as seasonal storage, since heat from summer can be stored to provide heat at winter times.
C B Heat
A    Eq. 1 TCM materials have other advantages when compared to sensible and phase change materials (PCM). TCM present higher energy densities [4] , which lead to a lower volume of the storage tank, thus compact systems. On the other hand, corrosion of metals used to build up reactors containing TCM is one of the main drawbacks to overcome. From a material point of view mass transfer is a key issue when selecting the material. Salt hydrates (which are one big group of TCM) tend to form a compact block which is inhibiting the reversibility of the reaction. Furthermore, additional heat is needed to reach the discharging reaction temperature.
Depending on the system configuration that is chosen to implement TCM for building applications (see section 2), the equipment is composed of the reactor, heat exchangers, vessels, evaporator/condenser, solar collectors, valves and piping. In order to design the main equipment, the reactor, several steps need to be followed.
From the system design further research is still needed to resolve practical aspects before commercial implementation [5] . And focusing on the reactor, there is still a big field of research to promote mass and heat transfer playing with the inside geometry and/or reactor kind. The design and operation of reactors nowadays require computer skills, but such computation must be based on a firm grasp of the principles of chemical reaction engineering. First, reaction kinetics, thus reaction rate, is needed to be experimentally determined for the specific operating conditions [6] . Then, once the equation of reaction rate is experimentally obtained, mass and heat balances are formulated depending on the reactor type. All these equations gathered give variables profiles (concentration, pressure, temperatures, etc.), volume, and let do predictions for further cases as well as optimization.
The main objective of this paper is to review the available equipment currently used for thermochemical energy storage, concerning all system configuration and especially gas-solid reactors for building comfort applications, providing obtained results, at lab and pilot plant scale. Furthermore, gas-solid chemical reactors already available in the literature and industry are exposed to be related with the developed ones for TES by TCM.
Gas -Solid TCM reactors and system
Different concepts and applications based on TCM have arisen to fulfil the global aim to reduce energy consumption and to efficiently use renewable energies or to use waste heat. Prototypes for both high temperature and building applications are being built up to test this concept. For instance, directly irradiated rotary kiln for high temperature reactions (around 900 ºC) has been set up and performed for thirty cycles with no evident degradation of the material [7] .
More effort is needed in the system design part regarding TCM reactors for building comfort. This application implies that a solar collector should be able to provide the charging reaction temperature (maximum 150 ºC) to the reactor containing the TCM.
Also, a big challenge is that the volume of the final system should fit in a single family house and be cost competitive to the actual heating systems.
As shown in Section 4.1, reactors can be classified by the present phases of the reactant materials. Here, the aim is to focus on gas-solid TCM (Eq.2) and building comfort applications (i.e. heating, cooling, and domestic hot water (DHW)), and being water the gas reactant (working fluid).
Eq. 2
In TCM TES field, the chemical reaction is used for the production of energy instead of a specific product. The operating principle is to charge (dehydrate) the solid TCM with solar heat from a solar collector. This endothermic reaction releases water vapour. The storage process is therefore based on maintaining separately released water from the dehydrated TCM. When combining again the dehydrated TCM and water vapour, heat is released and can be used for space heating and DHW.
Despite the reactor is the core of the system, other essential concepts and components are needed to be considered for TES: the working fluid, a low heat source and an evaporator/condenser (depending on the system).
The working fluid is usually water because of its high vaporization enthalpy, availability, non-toxicity and low price. Ammonia is also a candidate [8] , but then another heat exchanger (ammonia/water or ammonia/air) is needed to provide the heating fluid to the building.
TCM systems classification
The existing thermochemical energy storage system configurations can be divided following an overall vision of the complete system.
Separate or external vs. integrated reactor
In the integrated reactor system, the absorption/release of energy (reaction) occurs within the storage vessel while the separate reactors concept consists in transporting the TCM from the storage vessel to the reactor and to another storage vessel, after reacting, as illustrated in Figure 1 .
The integrated concept requires no solid material transport, thus less pump power consumption (see Figure 2 , left). Nevertheless, all the material, instead of a portion, needs to be preheated to reach the discharging temperature and the control of the reaction is more complex. In the separate reactor concept the material is transported between the reactor and the material storage vessel, therefore more vessels are needed (at least two more). The advantage of being in separate vessels is that the
reaction is reduced to only a small part of the total material amount [9] , so the reactor volume is much smaller which leads to a lower pressure drop and less complex process control. Generally, fixed bed reactors are considered to be the most appropriate reactor configuration for hydration/dehydration reactions [10] . Since in fixed bed reactors heat and mass transfer are critical, Zondag et al. [11] suggest either to stir, to increase the active surface area in it, and/or to purge inert gases of the reactor. In moving bed reactors, there may be problems with the heat transfer within the reactor, but metal fins are suggested to enhance it [12] . A low heat source is needed to deliver energy required for water evaporation (Q evap Closed systems allow adjusting the operating pressure of the working fluid. In open systems, the working fluid should be a substance that can be released to the atmosphere, usually water [13] . Pressure is not a variable since these systems are working opened to the atmosphere and pressure is set to the atmospheric pressure.
Moreover, weather conditions are limiting and an analysis should be carried out to define whether the ambient moisture is sufficient for a good discharging rate.
Otherwise, an additional humidifier is required to make the air wet to react with the TCM.
Closed systems are able to reach higher output temperatures for heating applications compared to open systems. Furthermore, they can supply lower temperatures for cooling [13] .
The geometrical parameters and the dynamical behaviour of the closed sorption systems are strongly related. The available temperature depends on the pressure of the sorbate and the driving force is limited by the external temperature ranges -the low temperature energy source -the mid temperature source/sink and the high temperature energy source, which is aimed to be a solar collector [14] . 
TCM materials/reactions

Classification
In the literature different attempts have been made to classify the studied storage materials, also known as thermochemical materials (TCM). Absorption, adsorption and chemical reactions are the thermochemical processes accepted.
Absorption and adsorption can either be physical or chemical. As explained by Srivastava and Eames [16] , adsorption is a surface phenomenon taking place at the interface of two phases, in which cohesive forces including hydrogen bonding and van der Waals forces act between the molecules of all substances. In this case, there is no change in the molecular configuration of the compound.
On the other hand, in essence, absorption involves substances in one state being incorporated into the bulk volume of another substance in a different state, whereas adsorption involves substances being adhered to the surface of another substance.
Sorption is a general term used to refer to both.
Then, there are also the chemical reactions where molecular configurations change.
Chemical energy consists of using a source of energy to excite a reversible chemical reaction, being exothermic in the discharge and endothermic in the charge.
When looking at the literature information regarding the TCM classification is confusing and sometimes differs. Although the classification of the TCM is out of the scope of this paper a compilation of the studies published so far is presented next. From this information it is concluded that further studies should be performed in order to establish a clear classification of the TCM reactions.
N'Tsoukpoe et al. [18] consider that sorption comprises physical and chemical, Table) . When adding a matrix, material properties, such as sorption equilibrium, energy density, porosity, etc. and compatibility of both TCM and matrix and container material shall be determined again in the specific operating conditions.
In this review TCM concerns all chemical reversible processes (also composites) specifically, gas-solid ones for building applications and moreover, physisorption is considered. Chemical and physical absorption are out of the scope.
TCM candidates for building applications
Thermochemical material research encompasses several fields. One big field is materials research, which is focussing on material selection, enhancement and characterization. Regarding TCM building applications, main requirements are [22] : 
2). (2)
Energy density, which is influenced by the sample scale (lab or reactor), the geometry of the reactor, the used technique to characterize it and also on the operating conditions such as evaporator and reactor temperatures (when working in close systems configurations). There is no standard procedure to determine their thermophysical properties, yet. 
Characterization
For the further design of the TCM reactor and the corresponding system, several properties of these materials need to be known. An accurate characterization of the material is essential to develop and model the suitable reactor that will contain the TCM.
Researchers working on TCM characterization and selection are mainly using two coupled thermal analysis techniques: thermogravimetric analysis and differential scanning calorimetry (TGA-DSC) as listed in Table 2 . These techniques are also used in other fields and in the same field, TES, for sensible and PCM characterization [28] .
With these techniques dehydration steps, energy released, associated temperatures, specific heat, phase diagrams and in some cases stability, can be evaluated.
Furthermore, X-ray crystallography (XRD) provides information about the crystalline structure of the material, thus the hydrate state of the TCM. By means of scanning electron microscopy (SEM), the surface of the TCM grains before and after hydration can be observed and this information is useful to see how kinetics is governed by, and if there is degradation. A published study [29] shows how thermodynamic and kinetic properties of TCM are directly related to the structural and textural modifications when hydration/dehydration takes place.
Some of the analysed TCM by TGA-DSC techniques are shown in Table 2 with the applied methodology and obtained results. In [23] results from hydration experiments show big differences in heat released as a function of the sample thickness (since it influences in gas diffusion). Also, hydration has been performed at 25 ºC, but when performing at 50 ºC magnesium sulphate was unable to uptake water. Therefore, in the same study the authors present a self-developed setup, a reactor and evaporator, to characterize the TCM (see Section 4.2). Also, in [30] Therefore, when a complete information is required such as the influence of operating conditions on kinetic rate or on energy storage, other parameters as permeability, particles size, the effect of adding a gas diffuser, etc. and another setup such as a laboratory reactor (in the order of few kilograms), is necessary. 
Chemical reactors
When designing a chemical reactor several requirements should be taken into account, mainly: the kinetics of the reaction, mass transfer, heat transfer, safety factors, and economic factors which in many cases the operating expenses may determine the choice of the reactor type and the design method, since operating costs are related to energy input (heating, cooling, pumping, agitation, etc.), energy removal, raw material costs, labour, etc.
A general procedure for reactor design is outlined below [33]:
1. Kinetic and thermodynamic data on the desired reaction is initially collected.
These data may be obtained from either laboratory or pilot plant studies.
2. Data on physical properties are required for the design. This may be either estimated or collected from the literature or obtained by laboratory measurements.
3. The rate controlling mechanism which has a predominant role is then identified, for example, kinetic, mass or heat transfer.
A suitable reactor type is then chosen, based on experience with similar studies
or from the laboratory and pilot plan work.
5. Selection of optimal reaction conditions is initially made in order to obtain the desired yield.
6. The size of the reactor is decided and its performance estimated. Since exact analytical solutions of the design relationship are rarely possible, semiempirical methods based on the analysis of idealized reactors are used.
7. Materials for the construction of the reactor are selected.
A preliminary mechanical design for the reactor including the vessel design,
heat transfer surfaces, ... is made.
9. The design is optimized and validated.
10. An approximate cost of the proposed and validated design is then calculated.
Chemical reactors classification
The main objective when designing a chemical reactor is to know which volume, type, as well as operating mode are the appropriate for a specific purpose. Within chemical reactors, different criteria can be proposed for classification [34] : Continuous, batch, and semi-batch are considered depending on the operating mode.
In general, batch reactors operate in non-steady state conditions while continuous are designed for steady state conditions, tubular and stirred tank.
In heterogeneous reactions, each phase can work in one mode, e.g. fixed bed.
Possible combinations are: liquid-liquid, gas-solid, liquid-solid, and gas-liquid-solid.
When possible it is suggested to analyse the reactors as closer as possible to the ideal reactors. From now on, gas-solid reactors are of interest of this paper, since these are the most of the reactions occurring in TCM for building applications.
Non-catalytic gas-solid reactors
Unlike homogeneous, to deal with heterogeneous reactions there are important requirements to take into account: the modification of kinetic equations due to mass transfer between phases, and the contacting patterns for a two-phase system [35] .
Depending on the flow pattern, three main gas-solid technologies are available [34] : it is not large enough to carry them out of the vessel. A comparison between these three gas-solid reactors is summarized in Table 3 .
Here, the aim is to focus on gas-solid reactors, being the solid a non-catalyst, thus anges inner [21] , they pe [43] e and amm tor [44] pen and in hey suggest ce. Where n.a. stands for not available
Modelling
Lots of efforts are focusing on simulating thermochemical energy storage overall systems and/or reactors. It is complicated to simulate these systems, especially when storage needs to be included.
An agitated fluidised bed thermochemical reactor system was investigated by Darkwa et al. [48] . The model results showed considerable enhanced adsorption capacities and heat transfer rates. However, in order to promote effective exothermic reaction and heat transfer it is suggested to optimise the thermophysical parameters that affect the minimum fluidising velocity (u mf ) in the adsorption column.
In [49] it is found that the temperature rise in an open fixed bed system is limited due to the limited thermal mass of air. Furthermore, it is found that reasonable solar fractions can be achieved for the specific system dimensions that are mentioned in the paper.
However, the system efficiency is rather low, in the order of 20%. Optimization of the system efficiency can be achieved by control strategy and looking to pressure drop is of importance for the overall coefficient of performance (COP) of the system. An open and integrated reactor based on SrBr 2 was modelled focusing on the hydration reaction, which is more problematic [50] . Parametric studies are carried out to evaluate the influence of some parameters on the performance of different system configuration, pointing out external conditions, components performances and salt characteristics influence on the COP and productivity rate.
Balasubramanian et al. [51] developed a mathematical model when charging for salt hydrates. Results show that the process performance is improved by introducing a smaller heat flux and considering materials that have larger thermal conductivities, higher specific heat capacities, and lower thermochemical desorption rates.
Energy and exergy analyses of a closed thermochemical system are performed in [52] .
General efficiency expressions are determined for the three involved processes:
charging, storage, and discharging, as well as for the overall system.
A method combining constructal approach and exergy analysis is presented in [53] , to optimize (shape) a gas/solid high temperature thermochemical reactor. There storage time is also taken into account, and expressed according to the design parameters.
Pal et al [54] present a material-independent model that can be used to simulate an open flow adsorption and desorption process.
Conclusions
TGA-DSC coupled lab techniques are being used to characterize TCM. This way could be useful for a first material selection or screening. However, to properly characterize TCM and for the further reactor design, TCM should be characterized in a lab scale reactor.
Most of the prototypes nowadays being tested do not achieve the expected storage capacity. In addition all of the storage systems have irreversibility in the process themselves during charge and discharge resulting in lower store efficiencies. From the material side, mass transfer is limiting due to compaction of salt hydrates and thus the impediment of water vapour diffusion. One of the possible solutions is to add a matrix material (inert or adsorbent), but it is not always an improvement since sometimes leads to a decrease in kinetics.
Furthermore, experimental kinetic data, modelling (coupling kinetic, heat and mass transfer equations) and validation (lab scale, pilot plant scale) are essential steps to make TCM technologies available and market competitive. A part of the gas-solid reactor choice, several modifications can be made always looking for promoting mass and heat transfer; for instance increase the contact surface area between solid and gas or add gas diffusers.
It is always a compromise; there is not the unique and best solution.
